Biosynthesis is up-regulated in tumors and thus the demand for anabolic intermediates is increased. The metabolic routes providing the building blocks for macromolecules are thus a very attractive target as they are not normally up-regulated in a normal quiescent cell. Some routes for glycolysis-derived intermediates production have been identified, but these do not constitute the whole pool of biosynthetic molecules in the cell, as many of these derive from mitochondria in the Krebs cycle. Indeed, this metabolic pathway is considered a "biosynthetic hub" from which anabolism is fed. If a metabolite efflux is indeed occurring, anaplerotic reactions must keep a steady supply of substrates. In spite of this obvious relevance of anaplerosis, it has been poorly characterized in the malignant cell context. Glutaminolysis and and pyruvate carboxylation are two pathways that function in an anaplerotic fashion. In spite of the increasing evidence implicating these two processes in cancer metabolism their role as intermediate providers is overlooked. In this review we analyze the implications of an active anaplerosis in cancer and we discuss experimental evidence showing the relevance of these metabolic routes in tumor physiology.
INTRODUCTION
Cancer is a group of diseases considered as a public health issue because of their increasing incidence, the lack of effective treatments for the vast majority of the diagnosed cases, and the high mortality rate of cancer patients. These diseases can affect virtually every organ of the human body and they are characterized by the formation of malignant tumors, which in some cases can spread out to distant sites in the body (metastasis). During the last decades, the research on cancer has intensified and some important discoveries have been made in the field, such as the identification of oncogenes, tumor suppressor genes and the development of targeted antitumor drugs. In spite of these advances and some paradigm-shifting breakthroughs, the clinical progress is minimal and it is possible that additional and more specific therapeutic targets remain to be discovered. Still, one of the main challenges for cancer therapy is to discriminate between malignant and normal cells.
Almost 80 years ago Otto Warburg identified that cancer cells display a different metabolic program regarding their normal counterparts. He observed that tumors have a decreased respiration and an enhanced lactate production in presence of oxygen Reviewed in 1. The term coined for this phenomenon was "aerobic glycolysis", nowadays known as "the Warburg effect". Notwithstanding the relevance of these findings, the study of cancer metabolism did not receive much attention in the next decades after its discovery, as most of the work done in the cancer field was focused on genetics and the identification of deregulated signal transduction pathways. Nonetheless, the importance of aerobic glycolysis was demonstrated through the implementation of 18 fluoro-deoxyglucose-based positron emission tomography (FDG-PET) 2. Based on the high glycolytic capacity of tumors and their enhanced glucose uptake, this technique allowed the visualization of tumors in vivo resulting from the accumulation of the non-metabolizable probe by malignant cells.
However, a decade ago, the aerobic glycolysis phenomenon was rediscovered. Molecular evidence was gathered linking bona fide oncogenes and tumor suppressors with the metabolic alterations previously identified by Warburg ( Table 1) . Some of these findings were in accordance to Warburg's original hypothesis: "in cancer cells an irreversible damage to mitochondria must exist concomitantly with the enhancement of the glycolytic flux" (see Tables 1 and 2) 3. For instance, a mitochondrial damage was identified in phaeochromocytomas and paragangliomas. These tumors carry a mutation in different subunits of succinate dehydrogenase (the mitochondrial complex II), encoded by the genes SDHB, SDHC and SDHD 4. Indeed, it has been demonstrated that these tumors display the Warburg effect 5. Similarly, a biallelic inactivation of the FH gene, coding for mitochondrial fumarase, is inactivated in leyomiomas 4. More evidence came from studies with the tumor suppressor p53, which is commonly mutated in most cancer types. The absence of p53 impairs the induction of SCO2 which is essential for the assembly of cytochrome oxidase subunit II (COX II), thus rendering the cells less dependent on oxidative phosphorylation 6. The enhancement of glycolysis was explained by the overexpression of all the glycolytic enzymes, especially those ones considered as flux-limiting in the metabolic pathway: hexokinase (HK), phosphofructokinase (PFK) and pyruvate kinase (PK) Reviewed in 7. The embryonic isoforms, are preferentially expressed in tumors, as they allow a higher metabolic flux compared to those expressed in differentiated tissues 7. Moreover, some of these enzymes are presumably involved in nonconventional roles by endowing tumor cells with the ability to proliferate and overcome programmed cell death mechanisms. For instance, HK seem to dampen the apoptosis-induction mechanism of Bax by interacting with mitochondria 8; The M2 isoform of PK appears to be essential for sustaining proliferation in conjunction with the epigenetic machinery and its activity may itself constitute a proliferation signal 9,10. Table 1 lists some of the enzymes evaluated as essential for the maintenance of the glycolytic phenotype in tumors.
Furthermore, some oncogenes commonly activated in a number of tumors, such as Akt and MYC, are directly involved in the metabolic switch to aerobic glycolysis ( Table 2) 11. It was discovered that one of the main drivers of the Warburg effect is hypoxia-induced factor 1-α (HIF-1α), which is a transcription factor that activates the expression of all glycolysis enzymes, it triggers the translocation of glucose transporters to the plasma membrane, and it limits the substrate influx into the Krebs cycle by allowing the expression of pyruvate dehydrogenase kinase (PDK1) 12,13. HIF-1α is stable and active in hypoxic conditions allowing the cells to switch to an anaerobic metabolism. However, in several tumors this transcription factor is active even in normoxic conditions by diverse mechanisms.
The relationship between metabolism and proliferation signals in cancer is being unveiled as other signaling molecules which are involved in the regulation of proliferation and differentiation (e.g. LKB1, Cyclin D1 and Notch) 14-16 are inextricably linked to energy metabolism as well. Table 2 lists some of these, along with their reported function for the maintenance of the glycolytic phenotype. The detailed discussion about oncogenes and tumor suppressors and their specific role in tumor metabolism is out of the scope of this review and the reader is referred to excellent reviews in the literature 11,17.
Based on these discoveries, it seemed that cancer cell metabolism could be regarded as a promising specific target. Several therapeutic approaches have been proposed, such as the inhibition of specific glycolysis enzymes (hexokinase, pyruvate kinase and lactate dehydrogenase) 18-20, the reactivation of mitochondrial metabolism by stimulating pyruvate oxidation 20, refeeding oxidative substrates, and the inhibition of the hypoxic metabolic program by interrupting the expression and/or activity of HIF-1α 21. Encouraging results have been obtained in vitro for some of these strategies, but their effectiveness in cancer patients is still unknown. During the last five years it has been also demonstrated that cancer cell metabolism goes beyond a simple interplay between glycolysis and mitochondria, in contrast with Otto Warburg's original proposal. A considerable body of evidence shows that some specific tumors rely mainly on oxidative phosphorylation Reviewed in 22. Other previously overlooked metabolic pathways are shown to be crucial for tumor survival: glutamine metabolism is highly important for energy obtaining and as a biosynthetic pathway 23, NADP + -dependent isocitrate dehydrogenases are directly implicated in tumorigenesis through the production of a putative oncometabolite (2-oxoglutarate) 24, and de novo fatty acid synthesis is overactive in malignant cells 25. These findings highlight the need to evaluate cancer cell metabolism in a more exhaustive fashion as many other metabolic pathways might contribute to cancer cell survival and be susceptible of pharmacological inhibition for cancer therapy.
Aerobic glycolysis probably endows cancer cells with the ability to generate biosynthetic intermediates from the glycolytic pathway, thus enabling tumors with the ability to proliferate faster and outnumber their normal counterparts 26. This current "biosynthesis model" envisions an overall predominance of anabolic metabolism, i.e. intermediates for protein, fatty acids and nucleic acid biosynthesis must be supplied at sufficiently high rates. Some of these can be supplied by glycolysis and the pentose phosphate shunt, and in theory, the rest of them should be obtained from the Krebs cycle. The latter constitutes one of the inconsistencies of this model, as Krebs cycle functioning is driven by the mitochondrial respiratory chain activity, which is assumed to be impaired or down-regulated in cancer. However, recent findings evidence the presence of functional mitochondria in tumor cells and show their significant contribution for anabolic flux in malignant cells (see Section 3.1). These discoveries challenge the "Warburg effect" hypothesis and unveil a complex scenario where energy metabolism in cancer goes beyond a simple interplay between glycolysis and mitochondria. Hence, if the Krebs cycle is indeed functioning as a provider for anabolism, the net metabolite efflux must be considerable, given the high demand for macromolecule building blocks during fast-rate proliferation. In order to keep the functioning of the pathway, the efflux rate must be equal to the influx rate. Thus, the substrate provision rate for Krebs cycle must be consequently increased. A constant pyruvate supply to mitochondria (provided by an accelerated glycolysis) is probably not sufficient to compensate for metabolite efflux, and hence some mechanism assuring a steady intermediate replenishment must be operating. Anaplerotic reactions fulfill such function, as in normal cells their physiological role is to ensure a constant supply of intermediates for the continuous metabolic activity of the Krebs cycle. In the context of a tumor cell with an increased demand for biosynthesis intermediates, anaplerosis reactions might be crucial. Although these metabolic pathways are overlooked in cancer metabolism studies, in this review we highlight their possible role in tumor physiology. We also discuss their potential as therapeutic targets in cancer.
ANAPLEROSIS
The Krebs cycle is a central pathway in energy metabolism. This metabolic route provides reducing equivalents that serve as substrate for the mitochondrial respiratory chain, thus contributing to energy (ATP) production in the cell. In addition, it is the source of anabolic precursors, such as aminoacids for protein biosynthesis, of citrate used for de novo fatty acid synthesis, of succinylCoA required for heme group synthesis, and oxaloacetate, which is an essential intermediate for gluconeogenesis 27. Thus, there is a constant efflux of intermediates from the Krebs cycle, which must be replenished in order to maintain the carbon flux throughout the oxidative metabolism pathway (Figure 1) . The anaplerotic reactions are those who regenerate these intermediates used for biosynthetic metabolism. Although there are several enzymes that might fulfill this role (see below), two of them are well characterized: pyruvate carboxylase (PC) and glutaminase (GLS) (Figure 1 ) [28] . (1) regenerates the oxaloacetate used for citrate synthesis; Aspartate aminotranferase can also produce oxaloacetate, which is the result from the transamination of aspartate (2); Propionyl-CoA carboxylase in the odd-chain fatty acid degradation pathway yield succinyl-CoA (3); Glutaminase deaminates glutamine producing glutamate (4); and the latter serve as the substrate of Glutamate dehydrogenase producing α-ketoglutarate. Alanine aminotransferase also produces α-ketoglutarate from the transamination of glutamate with pyruvate.
Pyruvate carboxylase (PC) is considered the main anaplerotic enzyme and it catalyzes the ATP-dependent conversion of pyruvate to oxaloacetate (Figure 1 ) in a process dependent on biotin as a coenzyme. PC is expressed in a wide variety if tissues, but it is of special relevance in liver, brain, adipose tissue, kidney and pancreatic islets. This enzyme has a relevant role for gluconeogenesis, glycerol synthesis and the down-regulation of fatty acid synthesis [29] (See below). Although there is only one gene coding for PC, there are several variants resulting from alternative splicing. These different forms might be expressed depending on the physiological state of the cell and their specific functionality remains unclear [30] .
PC anaplerotic function is essential for insulin secretion since it maintains the pool of Krebs cycle intermediates in order to allow the complete oxidation of glucose to CO 2 and H 2 O. This is important, as it is widely known that β-pancreatic cells must oxidize glucose from the blood stream in order to increase the ATP/ADP ratio that triggers insulin secretion [31] . Besides its direct anaplerotic role, PC is also important for the generation of a NADPH pool that might serve as substrate for anabolic pathways [30] .
De novo glucose synthesis (gluconeogenesis) is the most studied function of PC in liver. This biosynthetic process is stimulated by glucagon, which enhances pyruvate conversion to oxaloacetate. In a second step, phosphoenol pyruvate carboxykinase (PEPCK) uses the latter to produce phosphoenolpyruvate, which is required for the gluconeogenic pathway [32] . Nonetheless, PC possibly has an anaplerotic role in liver as demonstrated in a NMR analysis in which it was shown that pyruvate carboxylase is the major pathway for pyruvate influx into the Krebs cycle. This study measured an anaplerotic flux seven-fold higher in comparison with pyruvate oxidation [33] .
In central nervous system, anaplerotic reactions are essential for neurotransmitter synthesis, such as glutamate and γ-aminobutyric acid (GABA). Both of them can be produced from α-ketoglutarate, which is normally consumed during Krebs cycle functioning. PC role is predominant in astrocytes, where it compensates the constant efflux of intermediates because of glutamate and GABA synthesis [34] . The glutamate synthesized by astrocytes must reach the neurons and it is released in the form of glutamine, which is reconverted to glutamate by the latter in a global process called "the glutamate/glutamine cycle". It has been demonstrated that the glutamine flux is dependent on the activity of astrocyte PC [35] . Thus, normal brain functioning rely on PC activity.
Glutaminase (GLS) is a mitochondrial enzyme that catalyzes the deamination of glutamine to produce ammonium ions and glutamate (Figure 1) . There are two glutaminase isoforms: the K-type, the main isoform detected in kidney, and the L-type, which is predominant in liver. The former is the ubiquitous and detected in non-hepatic tissues. In spite of the long-time consideration that the K-form was the only one present in brain, both isoforms can be found in this organ and they might play a differential metabolic role [36] . In liver, this enzyme can be part of an anaplerotic route to produce α-ketoglutarate in conjunction with aspartate-alanine aminotransferase (ALT), which catalyzes its transamination with pyruvate to yield α-ketoglutarate and alanine. In brain, a similar pathway has been identified as part of the catabolism of the neurotransmitter glutamate, which can also be transaminated in a similar manner by astrocytes [37] .
Some other metabolic pathways can provide for Krebs cycle intermediates and thus could be classified as anaplerotic. Such is the case for the reaction catalyzed by adenylosuccinate synthetase in skeletal muscle that synthesizes fumarate and AMP from adenylosuccinate in the purine nucleotide cycle. Other pathway for oxaloacetate synthesis is the transamination of aspartate catalyzed by aspartate aminotransferase (AST), which is of special importance in liver and skeletal muscle. The catabolism of odd-chain fatty acids can derive in the production of succinyl-CoA in a reaction catalyzed by the biotin-dependent enzyme propionyl-CoA carboxylase.
ANAPLEROSIS IN CANCER

The Existence of Functional Mitochondria in Cancer?
According to Warburg's original hypothesis, mitochondria ought to be irreversibly damaged [3] . Although this seems to be the case for some malignancies such as phaeochromocytomas and leiomyomas (see Section 1), it has been well documented that several cell lines derived from a wide variety of tumors rely mainly on oxidative phosphorylation (Reviewed in [19] ). For instance, breast cancer cells obtain their energy mainly from mitochondria [38] , and this seems to be the case for other epithelial cancers as well, for which the activity of cytochrome oxidase (complex IV) is up-regulated causing a hyperactivation of mitochondrial metabolism [39] . A similar feature has been observed in liver and brain cancer, where a fully functional oxidative phosphorylation has been characterized [40, 41] . Mitochondrial oxidative metabolism probably prevails in brain tumors in vivo, as it has been demonstrated that glioblastomas display a preference for glucose oxidation when implanted in mouse brain [42] . Further evidence comes from the study of lipolysis in cancer, as the hydrolysis of triglycerides is essential for cancer-associated cachexia induced by lung carcinoma and melanoma implantation in mice [43] . This clearly points out that cancer cells can use fatty acids (FA) as fuels in vivo. A similar mechanism occurs in ovarian cancer, as adipocytes provide malignant cells with lipids as substrates in order to support metastasis and invasion [44] . Of note, FA metabolism is carried out through the β-oxidation pathway in mitochondria, which is a process highly dependent on a functional oxidative phosphorylation. Furthermore, some tumors seem to display metabolic flexibility, i.e. they can switch between aerobic glycolysis and oxidative metabolism depending on their microenvironment [45, 46] . These cells trigger adaptive mechanisms (e.g. mitochondrial biogenesis and the formation of an extensive mitochondrial network) in order to optimize their oxidative phosphorylation according to the substrate supply and their energy demand [47] . In the vast majority of the in vitro studies, functional mitochondria and metabolic adaptation mechanisms could have been masked because of the cell culture conditions, in which a defined metabolic program is imposed on the cells as a function of the media composition and the optimal growth conditions. However, it has been shown that tumor microenvironments are highly heterogeneous due to glucose and oxygen gradients [47] . In the in vivo scenario, the metabolic transitions could be crucial for tumor physiology. For instance, experimental evidence shows a "lactate shuttling" between glycolytic and oxidative cells in lung carcinoma and colorectal adenocarcinoma [48] . This might facilitate a symbiosis between different populations within a tumor: the glycolytic cells would function as the "substrate providers" for those who are able to synthesize ATP through oxidative phosphorylation. A similar phenomenon, termed "the reverse Warburg effect", has been characterized between stromal fibroblasts and breast cancer cells where the former provide lactate, ketones, glutamine and free fatty acids (being the four of them substrates for the mitochondrial respiratory chain) to the oxidative malignant cells [49] .
Originally, Warburg's observations posed a conundrum for researchers in the cancer field: how come a highly proliferative cell would support its proliferation using mainly glycolysis, a relatively inefficient pathway in terms of energy yield? One possible explanation is that, even if glycolytic ATP production is lower, it might be accelerated in order to meet the energy demand imposed by the fast proliferation rate of tumors [50] . Another non-exclusive possibility is that glycolytic flux enhancement brings as consequence the accumulation of metabolites subsequently used as building blocks for biosynthetic processes 26. Some experimental evidence supports this theory. For instance, there is an alternative glycolytic pathway that uncouples ATP production at the pyruvate kinase step in order to promote metabolite accumulation for biosynthetic purposes [51] . In this regard, a possible source of intermediates for serine and glycine biosynthesis might be at the phosphoglycerate dehydrogenase step, which function as a shunt from glycolysis and whose gene it is commonly amplified in tumors [52] . Moreover, the overall glycolytic intermediate accumulation may be linked to the tyrosine kinase deregulated signaling pathways commonly observed in tumors [53] .
Nevertheless, in order to cope with the increased demand for biosynthesis intermediates, those ones derived solely from glycolysis are most probably insufficient to sustain a high anabolic flux. In normal cells the overall anabolic flux is heavily dependent on mitochondria and the Krebs cycle functioning (see Section 2). In support of this hypothesis, it is known that some molecules previously identified as essential for cancer cell proliferation, such as citrate [25] and heme prosthetic groups [54] , are exclusively derived from Krebs cycle intermediates. Although anaplerosis in cancer remains ill-defined, recent findings suggest that mitochondria-localized metabolism is of special relevance for cancer. Some of these processes are linked to anaplerotic pathways and their relevance is beginning to be elucidated.
Glutaminolysis
Based on FDG-PET scan observations it was previously considered that tumors avidly consumed only glucose. This observation was supported by the detected overexpression of glucose transporters in several cancer cell lines [55] . Nevertheless, glucose is not the only highly consumed substrate in tumors, as in vivo studies demonstrated a considerable glutamine uptake by malignant overgrowths [56] . Although glutamine per se can serve as a biosynthetic intermediate (for a review see [57] ), glutaminolysis is nowadays a well-characterized process inherent of several tumors. In accordance to this, both Land K-type glutaminase isoforms were found to be simultaneously expressed at high levels in leukemia cells, although the predominance of the latter was evident [58] . The relevance of the K isoform was further verified in lymphomas and on colorectal adenomas and carcinomas [59] . Based on these findings, it has been suggested that K-glutaminase has a defined role for tumor cell proliferation, although more studies need to be conducted in this regard.
The overexpression of glutaminase is observed in other malignancies as well, such as liver, brain and breast tumors [60] [61] [62] . Of note, these tumors possess an active mitochondrial metabolism in vitro as characterized by other studies (see Section 3.1).
Glutamine uptake and metabolism have been detected in proliferating non-tumor lymphocytes and in HeLa cells. In these studies it was discovered that glutaminase expression and activity is regulated according to the cell cycle stage, being most active during the replication (S) phase [63, 64] . Interestingly, during this same cell cycle phase, mitochondrial biogenesis and oxidative phosphorylation are up-regulated [65] . Furthermore, it has been demonstrated that glutaminase expression depends on MYC, which is a commonly activated oncogene in a wide variety of tumors [66] . It is noteworthy the fact that MYC also promotes mitochondrial biogenesis [67] . This experimental evidence highlights the dependence of glutamine metabolism on functional mitochondria. Moreover, it points out the possible existence of a specific program in which MYC, mitochondrial biogenesis and anaplerosis are coordinated as central elements of energy metabolism in some malignancies (see below).
As pointed out earlier, glutaminase serves to replenish α-ketoglutarate to the Krebs cycle. It has been proposed as the only anaplerotic route in tumors [68] . Although there are no studies focused to elucidate the anaplerotic function of glutaminolysis in cancer, recent reports indirectly demonstrate its implication in metabolic processes in some malignant cells. For instance, glutamine consumption feeds the Krebs cycle yielding fumarate, malate and citrate in an overall process coordinated by MYC in Burkitt lymphoma cells [69] . Citrate can be exported to cytosol where it serves as substrate of ATP citrate lyase (ACL) producing cytosolic acetyl-CoA, which is required as an intermediate for de novo fatty acid synthesis. ACL is found to be essential for tumor cell survival as acetyl groups provider for histone acetylation in brain cancer [25] , and our own findings demonstrate that ACL is activated in primary glioblastomas but not in normal human astrocytes (Díaz-Ruiz, R. Unpublished results). The involvement of anaplerosis as a compensating mechanism of mitochondrial citrate production in brain cancer is an issue that will be subject of further research.
In this regard, another report proposed a "reductive" metabolic pathway in which the α-ketoglutarate derived from glutamine metabolism is used in order to produce cytosolic acetyl-CoA for lipid synthesis in a process dependent on the activity of the cytosolic form of isocitrate dehydrogenase (IDH1) [23] . There are some inconsistencies with this model, as they propose IDH1 as a central element of this reductive pathway. However, glutamine needs to be processed in mitochondria in order to produce α-ketoglutarate, whether if it is being supplied through the oxidation of the glutamate produced by glutaminase activity, or through glutamate transamination by alanine aminotransferase (ALT). And even if α-ketoglutarate is being carboxylated to isocitrate, the latter is not used as lipogenic precursor, being citrate the one used for such purposes. Moreover, citrate efflux from mitochondria is mandatory for cytosolic acetyl-CoA production and this feature has been clearly identified in hepatomas [70] . An alternative explanation is that glutaminolysis is functioning in an anaplerotic fashion in or-boxylation hypothesis and it could offer some insight into the overall tumor energy metabolism. Anaplerotic glutaminolysis could be a therapeutic target as well. Several in vitro studies show that glutaminase inhibition affect tumor cell viability [72, 73] . Moreover, by interfering with the signaling routes linked with glutaminase it is possible to selectively eliminate malignant cell such as lymphomas and breast cancer cells [74] . Although anaplerosis assessments in these conditions are lacking, most probably they are being affected as well. In order to confirm this, studies on the impact of anaplerosis inhibition on tumor cell viability need to be addressed.
der to compensate mitochondrial citrate efflux and IDH1 may be supplying the NADPH cofactors required by two of the six steps in de novo fatty acid biosynthesis ( Figure  2) .
According to the reductive carboxylation hypothesis, it is proposed that a reversed Krebs cycle is the source of citrate and acetyl-CoA for biosynthesis [71] . The drawback in this proposal is of thermodynamic nature, as the reversal of the Krebs cycle implies a build-up of intramitochondrial NADH that would inhibit the pyruvate dehydrogenase complex thus inducing the dampening of pyruvate supply to mitochondria thereby inhibiting the Krebs cycle. It has been demonstrated by other reports that exogenous glutamine yields citrate [69] , therefore it is more plausible that cytosolic citrate and acetyl-CoA are derived from the normal functioning of the Krebs cycle supported by an enhanced anaplerosis from glutamine (Figure 2 ).
Pyruvate Carboxylase
As mentioned in Section 2, pyruvate carboxylase (PC) is the main anaplerotic enzyme in normal cells. Early reports proposed that it has no participation in tumor cell metabolism as its activity is low in gliomas [75] and also in hepatomas [76] . However, an up-regulation of biotin-binding enzymes have been found in pancreatic tumors, particularly in ductal adenocarcinomas [77] , increased levels of PC have been identified in several tumor cell lines [78] , and perfused livers of tumor-bearing
In spite of the caveats mentioned above, it is clear that glutamine metabolism is being carried out in order to contribute with intermediates for biosynthesis in cancer. A more detailed study focusing on its anaplerotic role might clarify the inconsistencies of the reductive car- (1) is the entry point of this pathway by catalyzing the deamination of glutamine to glutamate, which subsequently enters the Krebs cycle as α-ketoglutarate after either being oxidized by Glutamate dehydrogenase (2); or after being transaminated by Alanine aminotransferase (3); Citrate is generated after substrate influx. The latter can be exported to cytosol where it serve as the substrate of ATP Citrate lyase (4); producing the acetyl-CoA required for de novo fatty acid synthesis. Isocitrate dehydrogenase 1 (5) generates NADPH, the other substrate needed for fatty acid biosynthesis. rats displayed a high alanine flux arising from PC activity [79] . These inconsistencies might arise from the use of different cell culture/incubation conditions. As pointed out earlier (see 3.1), brain and liver tumors are sensitive to the composition of the cell culture media, particularly to glucose levels. High glucose levels tend to repress oxidative metabolism in a reversible fashion and this does not necessarily implies a mitochondrial impairment [80] . Thus, it is possible that the contribution of PC and other anaplerotic enzymes was masked if these experiments were conducted using standard commercial media containing high supra-physiological glucose concentrations.
The relevance of PC in cancer is highlighted by recent findings as it was discovered a correlation between the Wnt signaling (which is commonly activated in breast and colon cancer) and anaplerosis in tumors. In this study it was reported that the activation of Wnt repressed mitochondrial cytochrome oxidase (COX) expression con-comitantly with the stimulation of lactate production. Surprisingly, PC expression was enhanced, suggesting a possible activation of the anaplerotic pathways [81] . These results seem contradictory as they imply the induction of the aerobic glycolysis, while anaplerosis is indicative of a high Krebs cycle activity. A more detailed characterization of energy metabolism and anaplerosis is needed in order to draw some conclusions. However, there are interesting implications arising from this study as Wnt is an important trigger for the epithelial-to-mesenchymal transition (EMT). The latter is an expression program that confers to the cell with the ability to detach from its niche in order to migrate. Although this was a feature identified in embryogenesis, it has been found operating in metastatic tumors as well. Thus, a possible link between metastasis and anaplerosis is envisaged. Given the fact that a transition to oxidative metabolism induce and support cancer cell invasiveness in harsh microenvironments [82] , it is plausible that anaplerosis serves as a mechanism preserving the functionality of oxidative metabolism in these conditions. More experimental work should be addressed to this particular issue, as anaplerosis if overactive, can be a very attractive therapeutic target to treat invasive tumors.
A further link between Wnt and pyruvate carboxylase is also suggested elsewhere, as intranuclear biotin-enriched particles containing PC and propionyl-CoA carboxylase (PCC) were found in gallbladder adenocarcinomas [83] . These accumulations could be dependent on β-catenin activation, which is the main downstream effector of the Wnt signaling activation. It is not quite clear if these biotin-containing fractions are actually engaged in active anaplerosis because of their nuclear localization, neither its role on energy metabolism functioning. It remains to be shown if in gallbladder carcinomas, as well as in other tumors, PC and PCC are overexpressed and/or overactive, and the mechanism by which they are connected to the Wnt/β-catenin axis.
Pyruvate carboxylation might have a more prominent role than it was thought, as PC can compensate the lack of glutaminase in some tumors. Moreover, these malignant cells were resistant to glutamine deprivation in a PC-dependent fashion. Additional results suggest that even if these cells are grown in a complete medium (nutrient replete conditions), they might depend on both PC activity and other anaplerotic reactions [84] . Additional evidence came from metabolomics studies in human lung tumors in situ. It was shown that PC-mediated anaplerotic flux is overactive in tumors regarding normal tissue [85] .
PC most obvious role would be the sustaining of the constant efflux of biosynthetic intermediates. However, as suggested above, more defined roles are probably implied such as cell migration and metastasis. It remains to be defined the specific roles of PC in this scenario and also the elucidation of the advantages conferred by PC to the overall tumor physiology.
In this regard, given the complexity and the branched nature of the Krebs cycle along with its interrelationship with anaplerosis, the implementation of metabolomic analyses will serve to clarify this issue. Up to this date, metabolomics has been proposed as a diagnostic tool for biomarker screening in plasma and urine from cancer patients. Nonetheless, its implementation is being done in order to explore the particular features and the mechanisms governing the metabolic phenotypes in cancer [86] . Metabolomic studies need to be conducted in tumors arising from highly anaplerotic tissues in contrast to their respective malignant counterparts. As liver, glia and pancreatic islets display active anaplerosis, their metabolomic characterization will give an insight of the biosynthetic activities in malignancy perhaps revealing other metabolic deregulations at this level. It is worth to mention that the global metabolite pattern will offer even more therapeutic targets that will be discovered when integrated with data from genetic expression and metabolic fluxes assessment.
CONCLUSIONS
Our understanding of tumor cell metabolism is beginning to be broadened. With recent experimental evidence, the conceptual framework set by Otto Warburg early observations is being modified. The paradigm of the "aerobic glycolysis" has even been challenged by the finding of "oxidative" cancer cells and the "reverse Warburg effect". These concepts are further reinforced by the discovery of glutaminolysis as one of the new hallmarks of cancer cell metabolism. Previously overlooked enzymes turned out to be pivotal, not only for tumor metabolism, but to the tumorigenic process as well (e.g. IDH1 and IDH2). All these discoveries force us to adopt more rigorous approaches in order to clearly identify potential "druggable" targets that might be used in future therapies.
The current biosynthesis model suggests anabolic processes as an attractive therapeutic target in cancer, but we just recently began to understand the anabolic deregulations in malignancies. The steady supply of metabolic intermediates is mandatory in order to synthesize de novo macromolecules. In this scenario, anaplerosis is crucial by keeping the availability of anabolic precursors. Based on recent discoveries, it is becoming clear that both glutaminolysis and pyruvate carboxylation can fulfill this role in tumors. Furthermore, anaplerosis might be implicated in important aspects of tumor physiology such as metastasis. Based on this and given the therapeutic implications, anaplerotic pathways in cancer deserve further study.
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